This study aims at evaluating deterministic and probabilistic approaches for an analysis of the bearing capacity of a highway bridge foundation on undrained clay soil. The analysis of a rectangular concrete footing was presented for the ultimate strength limit state of the bearing resistance according to the formulation in ES EN 1991:2015 and ERA-Bridge Design Manual, which 
INTRODUCTION
In geotechnical engineering, conventional design methods consider a reasonable global safety factor to account for uncertainties related to loads, materials, the models used, etc. This global safety factor can simply be obtained by dividing the actual strength by the required strength, which indicates whether a system is safe or not; this is termed a deterministic approach. However, due to the high uncertainties resulting from the variability of soils, measurement uncertainties, and transformation uncertainties, such an approach may not represent real conditions. The effect of soil variability cannot be efficiently captured in such a conventional analysis. For such cases, the use of a probability concept can be implemented in terms of a probabilistic or reliability analysis to model uncertainties about the soil (Cederstrom, 2014; Phoon & Kulhawy, 1999) .
Although a deterministic design guarantees a certain degree of structural safety as proposed by the standard prescriptions, it is of interest to consider a probabilistic approach so as to quantify safety and reliability that cannot be assessed with a deterministic method (Russelli, 2008) .
Developments in design codes based on reliability-based design (RBD) are actively occurring in various parts of the world today.
RBD is beginning to be considered as a critical tool in the development of design codes. It is often considered that Eurocode 7 (BS EN 1997 -1:2004 , 2004 , which is recognized as one of the most important geotechnical design codes in the world, introduced this concept (Chew et al., 2015) .
These days, geotechnical engineers are involved in the transition from working or allowable stress design (WSD/ASD) to load and resistance factor design (LRFD). LRFD is defined as a method that requires all limit states to be checked using a specific multiple-factor format involving load and resistance factors ( Phoon, 2004) .
The objective of this study is to evaluate and compare the deterministic and probabilistic approaches when analysing the bearing capacity of a highway bridge's shallow foundation that was constructed on undrained clay soil.
CONCEPTUAL FRAMEwORkS

Variations of Soil and Loading Parameters
Among a number of soil properties, the unit weight, cohesion, and friction angle are the most frequently studied variables regarding a reliability analysis of the bearing capacity of shallow foundations. The variation of a parameter is described with the coefficient of variation (COV) of its distribution (Xue & Nag, 2011) . Research done on the COV of soil properties and loads is summarized in Tabs. 1 and 2.
A shallow foundation is designed to resist the loading from structures above it. The variations of loading need to be considered in a reliability analysis of shallow foundations. The variations of loads can be narrow or wide, depending on the nature of the loads.
Reliability and Design Concepts in Geotechnical Engineering
A critical challenge for an engineer is to define of the safety of an engineering project by including the uncertainty components and doing a reliability analysis on which he can base his decisions. In order to achieve consistent levels of reliability, which are subjected to substantial economic and social constraints, proper methods are required (Russelli, 2008) . Fig. 1 shows probability density functions (PDFs) for the load effect (Q) and resistance (R). The "load effect" is the load calculated to act on a particular element (e.g., a specific shallow foundation), and the resistance is its bearing load capacity. In geotechnical engineering problems, loads are usually better known than resistances are, so the Q typically has less variability than the R, i.e, it has a lower coefficient of variation (COV), hence a narrower PDF (NCHRP, 2010) .
The design of a shallow foundation has to fulfill two design criteria, namely, the ultimate bearing capacity (i.e., limit state or safety) and tolerable settlements (i.e., serviceability). This study focuses only on the former criterion. A conventional design approach adopts deterministic analyses that usually use representative soil parameters to determine the ultimate bearing capacity. These analyses are based on an assumption of uniformity; the properties of soils are isotropic and homogenous (Chew et al., 2015) .
In a deterministic approach, the reliability condition of a bridge foundation has the following form (BS EN 1997 -1:2004 , 2004 ES EN 1991 -1-1: 2015 , 2015 :
The above relation can also be explained as (NCHRP, 2010; Phoon, 2004; Russelli, 2008; Xue & Nag, 2011) : (2) where: R d is a factored bearing resistance/capacity of the foundation, Q d is a factored load applied at the base of the foundation, SF is a safety factor. If SF < 1, the structure is unsafe; SF = 1 -at limit state, SF > 1 stable.
The above relation can be restated in terms of the limit state function, g, which corresponds to the margin of safety, i.e., the subtraction of the load from the resistance, which is a random variable (Naser et al., 2011) :
If g < 0, the designed element or structure is unsafe because the load exceeds the resistance. If g = 0, it is in a limit state condition, whereas if g > 0, the structure will be stable with a variable reliability level. This can be described again in terms of the probability of failure and reliability index.
From equation (3) of the performance function, the probability of failure, p f , can be computed as (NCHRP, 2010) :
So the probability of reliability, p r , can be obtained as: Vol. 27, 2019, No. 2, 44 -51 Reliability can be expressed using the "reliability index or safety index" b. For the uncorrelated and normal distribution of variables, b is the ratio of the mean and the standard deviation of g, separating the mean safety margin from the nominal failure value of g being zero:
( 6) where μ g and σ g are the mean and standard deviations of the performance function of the system as stated in Eq. 3, respectively.
If the resistance and load follow normal distributions, then the convolution integral may be evaluated as: (7) For nonlinear performance functions, the minimum distance calculation from the Hasofer-Lind principle is an optimization problem, defined by β HL minimization, with the constraint condition that the performance function g(x) = g(x') = 0. It is possible to consider the correlation between the random variables in the value of the reliability index, which is given as (Pereira & Caldeira, 2011) : (8) where x'* is the point of the performance function closest to the origin in the reduced/transformed coordinates, the named calculation or the design point.
is the inverse matrix of the correlation coefficients. For this study, a correlation coefficient of 0.4 was used for a correlation established between the random variables of the permanent and variable loads. It is logical to think that as a variable load increases, the permanent load increases as well. As the volume of moving vehicles increases, the concrete depth of a bridge deck would also increase in order to satisfy the span deflection requirements for the additional traffic loads.
The reliability indices for most geotechnical structures and systems lie between 1 and 5, corresponding to probabilities of failure ranging from about 0.16 to 3 ×10 -7 as shown in Fig. 2 . It is possible to compare β with the traditional safety factor because both parameters lie in the same range.
METHODOLOGY EMPLOYED
To achieve the stated objectives, an underlying problem was analyzed, i.e., a study of the bearing capacity of a rectangular concrete footing under a masonry abutment on a homogeneous undrained clay soil layer, for which an analytical solution was available. The soil shear strength parameters, i.e., the cohesion and unit weight, are described by specific probabilistic distribution functions, while other soil parameters that are not subject to any significant variation were treated deterministically to reduce the complexity of the problem.
Hence, in this study, an example of a bearing capacity analysis was performed as per ES EN 199: 2015 for the deterministic computation and using NESSUS-9.8 software for the probabilistic analysis. The results from both approaches were then compared using the relationship between the reliability levels and safety margins (ERA, 2002; ES EN 1991 -1-1: 2015 , 2015 .
Deterministic Capacity and Loads on a Rectangular Footing
The factored bearing resistance/capacity of a shallow foundation R d can be computed as: (9) Where: φ is a resistance factor; take φ = 0.6 for the clay soil values measured in the lab (ERA, 2002) . R n is a nominal bearing resistance or ultimate bearing capacity (σ ult ) of the foundation soil. c ud is the design undrained shear strength; this parameter could influence the bearing strength of the soil and can be obtained from the lab tests. c ud = c uk /γ m , where c uk is the characteristic undrained shear strength (usually it is obtained from the laboratory test results), and γ m is the partial safety factor of the soil material; γ m = 1.7 for conventional situations (ES EN 1991 -1-1: 2015 , 2015 . s c is a shape factor, considering that the foundation is rectangular; s c = 1 + 0.2(B'/L')= 1.17; where B' and L' are the effective width and length respectively. To be safer, it was assumed that B'/L' is to be 0.85. i c is an inclination factor for the loads applied; as the loads are acting vertically, i c becomes 1. q is a surcharge pressure at the base of the foundation, which depends on the depth of the footing from the river bed to the base (D f ), and γ s is a unit weight of the backfill soil. q = γ s D f = 3γ s , by assuming D f = 3 m (considering the scouring effect).
Thus, the above equation can be rewritten as:
For the factored loads applied at the base of the foundation, Q d , is calculated as: (11) Alternatively, consider the factored load as a distributed load: (12) Where: Q d is the factored force effect. Q i is different, the force affects such permanent characteristic loads (such as the self-weight of a bridge deck, abutment, wing walls, Fig. 2 Relationship between the reliability index and probability of failure (Phoon, 2004) Vol. 27, 2019, No. 2, 44 -51 footings, and the weight of backfill soils), G k ; variable characteristic load (such as vehicle loads), Q k ; and these load effects can be taken as the random variables. γ i is the factor for i th loads (dead, live, seismic loads). η i is the i th load modifier; take γ k η k = 1.3 and γ Q η k = 1.6 (AASHTO, 2012). A' is an effective area and is equal to B'xL for a rectangular footing, which is eccentric in the direction of B, where e B is different from zero, while it is centric in the direction of L, where e L is zero.
Hence, the above equation can be recomputed as:
For the sake of a simplified analysis, by limiting the eccentricity in the direction of B, it has been assumed that 2e B =1 m. For a 10 m wide bridge deck, L was taken as 12 m. The foundation under the abutment was considered in this study. Therefore, for the structure to be safe, equation (1) should be satisfied.
Gk and Qk were estimated using Design Approach 3 (DA3) as stipulated in ES EN 1991 :2015 (BS EN 1997 -1:2004 , 2004 ES EN 1991 -1-1: 2015 , 2015 . The dead (permanent) loads were computed from the bridge superstructure (slab deck, girder, beam seat, back wall), bridge masonry abutment, wing wall, and backfill materials, whereas the live (variable) loads were estimated from vehicle traffic loads.
Probabilistic Bearing Capacity
In the present work, the probabilistic analysis for the bearing capacity of a rectangular footing was conducted with the NESSUS-9.8 statistical computer program by utilizing the First-Order Reliability Model (FORM) analysis method, i.e., by considering the uncertainty of the parameters associated with the input variables and the correlations among the random variables.
Among all the variables of equations (10) to (13) input, c u , γ s , G k and Q k could contribute significantly to the uncertainty of the parameters input and be assumed to be random variables. Besides, the footing width (B) and depth of the foundation (D f ) are likely to provide uncertainty about marginal parameters (Naser et al., 2011) and thus were assumed to be deterministic for this study. It should be noted that uncertainty about the model was not considered in the present work and that those equations (1)-(3) were assumed to be perfect predictors (i.e., there is no model uncertainty).
To evaluate the reliability and stability of the foundation structure, the calculated p f should be less than the target probability of failure p o . The p o values are recommended to be within an average range of 1 x 10 -4 to 1.35 x 10 -3 as per the recommendations of several authors. Similarly, considering the soil's variability, the reliability indices suggested in different literature lie in an approximate range of 3 to 4 (AASHTO, 2012; Cederstrom, 2014; NCHRP, 2010; Phoon, 2004) . For this particular study of a rectangular bridge foundation, when considering the load modifier (AASHTO, 2012), a target reliability value of 3.5, and a corresponding probability of an exceedance of 7.5 x 10 -4 during the 75-year design life of the bridge was proposed.
Steps of the Analysis in the NESSUS-9.8 Computer Program
The following steps were systematically followed during the analysis using NESSUS-9.8. 1) Defining the problem statement: write the 'Performance Function' equation using Eqs. (3), (10), and (13). 2) Input the random variables (c u , g s , G k , and Q k ) as given in Tab. 3.
3) The probabilistic analysis, such as 'specified performance level', and 'full cumulative distribution' options, were used alternatively. The analysis was done using FORM and other methods for the following sub-cases: a) Varying the width of the rectangular footing B, while the other random variables were kept the same until a safe and optimum width was achieved. b) Varying the characteristic mean value of the undrained shear strength, cu for constant COV, while the other random variables were kept constant. c) Varying the COV of cu for a constant mean value, while the other random variables were kept the same. d) Varying the characteristic mean value of the variable load, Q k , for a constant coefficient of variation (COV), while the other random variables were kept the same.
ANALYSES AND DISCUSSION OF THE RESULTS
This section presents and discusses the results which were obtained from the NESSUS computer program analysis, a comparison between the traditional general safety factor approach, the response function, and a reliability-based probabilistic analysis, as well as an analysis of the probabilistic sensitivity factors to identify the most dominant random variables. A summary of the primary outputs for the benchmark random variables input is presented in Tab. 4.
Tab.4 presents the probability of failure, the reliability index, sensitivity factors, and deterministic value (performance function) for the random variables input by varying the width of footing (B) based on the FORM method. The width of the footing significantly increases the safety performance of the footing system. For the first trial, B = 6 m width, as per the threshold values considered in this study, the estimated value of the probability of failure (P f ) is higher than the limit value (7.5 x 10 -4 ), while the reliability index (β) is less than the target value (3.5). Furthermore, the deterministic response function g value for the same width was found to be less than 0. This proves that the foundation is unsafe to support the loads applied and that the foundation would fail in shear. At B = 10 m, P f becomes 5.77 x 10 -4 < 7.5 x 10 -4 and β is 3.55 > 3.5. This condition satisfied the requirements as per the reliability-based design approach, and the foundation can support the loads. By increasing the B value beyond a 10m width, the foundation would become safer in a reliability-based analysis format.
Tab. 3 The Random Variable Inputs Utilized in the NESSUS -Benchmark input values
For the safety margin method, when considering the widths of 6 m, the performance function (g) is less than 0, and the total safety factor (SF) is less than 1. This confirms that the width of the footing is insufficient and that the underlying soil is unable to resist the pressure applied. At B = 8 m, g > 0 and SF > 1, the foundation is theoretically stable. The performance function has a limitation in telling us when to stop our calculations of the footing dimensions once they meet the safety requirements. However, the SF method overcomes this limitation so that SF ≥ 2.5 satisfies our design requirements for a bridge foundation (AASHTO, 2012; ES EN 1991 -1-1: 2015 , 2015 . The required total safety factor was achieved at B = 12 m, i.e., the value at which the system achieves its safety requirements. However, the total safety factor method satisfied the requirement at a greater width than the probabilistic approach did. Thus, it can be inferred that the reliability-based design better describes the safety and reliability and is also economical as compared to the deterministic method for an analysis of the bearing capacity of a bridge foundation on undrained clay soil.
The probabilistic sensitivity factors are presented in Tab. 4 and Figs. 3 and 4. Fig. 3 shows that the undrained shear strength (c u ) was the most sensitive parameter among all the random variables involved in the probabilistic analysis. It significantly influenced the probability of failure (p f ) and the performance function with respect to its mean value. From the index (∂p/∂m)(σ/p) values, increasing both the mean value of the undrained shear strength (μ cu ) and the unit weight (m gs ) contributed to the reduction of p f as demonstrated in Fig.  4 . Moreover, m cu influenced the p f value more than μ gs did. This shows that parameter c u has a higher relative importance than the other random variables on the performance output of the response function. Hence, it suggests that it is essential to control (limit) the uncertainty associated with this random variable to obtain a greater improvement on the probabilistic performance, whereas the permanent load Q k has a positive contribution to the probability of failure with respect to its mean value. On the other hand, the sensitivity level for the index (∂p/∂s)(σ/p) with respect to the standard deviation is zero. This might be due to a correlational relationship found among the random variables involved in the probabilistic sensitivity analysis.
RELIABILITY-BASED PARAMETRIC STUDY
Effect of Undrained Shear Strength on the Reliability Index
As per the discussion in the previous section, c u is the most sensitive input parameter that could affect the performance function and stability of a bridge foundation. Hence, it is imperative to evaluate and compare its effect on the reliability level of the foundation system. The c u value of the clay soil considered ranges from 25-150 kN/m 2 , which was obtained from an unconfined compressive test (Phoon, 2004) .
As Fig. 5 depicts, as the undrained shear strength of the clay soil increased, the reliability index of the bridge foundation increased Tab. 4 Probability of failure, reliability index, and sensitivity factors and deterministic value of g for different footing widths, B (using FORM method for 'specified performance level, g = 0.00').
Ser. No. Value of B (m)
Estimated probability of failure, pf Table 4 shows that the reliability index of the bridge foundation is highly dependent on the width of the footing. Thus, the curve of the width of footing B versus the reliability index is presented in Fig.  6 . One can see from the figure that as the width of the foundation increased, the reliability index also correspondingly increased, and the other random variables input were kept constant. Meanwhile, it can be observed that as the coefficient of variation increased, the reliability index decreased for a given footing width. However, as the COV value of undrained shear strength increased, the reliability index would decrease for the same footing width. This means that the higher COV value indicates the high degree of uncertainty of the random variable (c u ); subsequently, the stability of the foundation began decreasing. Fig. 7 shows that as the width of the footing increased, the probability of failure began decreasing. This indicates that a bridge foundation becomes stable as width B gets larger and larger. Besides, as the COV of the undrained shear strength increased, the probability of failure would increase for the same footing width. The uncertainty of the input parameters highly contributed to the probability of the failure of the structures. Therefore, the coefficient of variation (COV) of the random variables significantly affects the stability and reliability of a bridge foundation on undrained soil conditions in this particular study. Fig. 8 presents the relation between the probability of failure and the reliability index for different COV values of undrained shear strength. It is evident that the reliability (safety) index increased as the probability of failure increased. However, the variation of COV value did not affect the relationship between the reliability index and the probability of failure curves directly. Fig. 9 demonstrates the relationship between the reliability index and the safety factor of the foundation structure. An increment in the safety factor would contribute to an improvement of the reliability index. The graph shows the relationship of the safety factor and reliabil- ity index to be near the unity value; beyond a safety factor of three, it is very gentle, unlike the segment in between these two values, which is quite steep. In this steep segment, the correlation between the safety factor and reliability index is very significant and sensitive.
Effect of the Width of the Footing on the Reliability Index and Probability of Failure
Reliability Index, Safety Factor and Coefficient of Variation
The results of the reliability index significantly depend on the value of the coefficient of variation. The reliability index of the footing structure decreased as the coefficient of the variation of the undrained shear strength increased as presented in Fig. 10 .
CONCLUSIONS
This study has attempted to compare an analysis of the bearing capacity of a foundation of a masonry abutment of a bridge structure on undrained clay soil. The analysis was based on the traditional deterministic design approach, which refers to the Ethiopian geotechnical structure design standards and a reliability-based design using NESSUS 9.8, a statistical computer program. The comparison was well demonstrated using a typical example of a concrete footing having dimensions of 12 x 12 m. From an analysis of the results, one can understand that the reliability-based design provides a more consistent means of managing and describing uncertainties in many ways than its predecessor, the deterministic approach, does. The results of the analysis also show that the level of safety determined by the probabilistic method was achieved with a smaller width of footing in comparison with the traditional total safety factor method from ES EN 1991:2015 and the ERA-Bridge Design Manual. The conventional safety factor method is more conservative than the probabilistic analysis method in determining the stability and safety requirements. Thus, it is recommended that the national design codes of Ethiopia be revisited and that the codes should include the probabilistic method of design approach. The safety and reliability of the structures can be described in a better way in terms of the probability of failure and the target reliability index as per the demands of clients. As a future development of this work, beside calibrating the traditional deterministic approach to a reliability-based approach by considering uncertainties from the properties of soils and loads, it is also imperative to include other sources of uncertainties that are specific to the local conditions such as spatial variabilities, construction activities, and precision of the calculation models.
